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AUTOMATED REGOLITH MOVEMENT SYSTEM ABSTRACT

This project consists of the design of an autonomous system
to bury lunar modules with regolith. This system is broken down
into a collection system and a throwing sygtem. Both functions
are incorporated into one device that will roam around a lunar‘
module.

The collection will be done by a series of vertical diskg
mounted on the front of the vehicle thaf wili throw the soil into
a bin. The soil will then be thrown toward the module by a solid
handling pump mounted on the back of the bin. Both operations
will take place will the device follows a symmetrical pattern
around the module.

To adequately bury a lunar module, 40,000 £t3 of regolith is

required. The device is designed to bury one module in twelve

Earth days.



PROBLEM STATEMENT

The intense radiation and temperature extremes of the lunar
surface can be damaging to modules placed on the moon. One way
to protect these modules is to bury them with regolith. In order
to accomplish this, a devise is required that can move regolith
from the area surrounding the module to on top and around the
module.

The device must be fully automated to allow for ﬁhe unmanned
deployment of modules. In addition, the device must be able to
withstaﬂd the harsh conditions on the moon. During the lunar
"day", the temperature can vary from roughly 400 K on the sunny
side to 105 K on the shaded side of the device. The mechanism
must be able to operate in a vacuum atmosphere. Therefore no
liquid lubricants can be used. The device must also be
impermeable to dust since the operation of the machine will
create large amounts of dust.

To adequately cover the module, a layer of regolith 2 meters
thick is required. In order not to damage the module, this layer
must consist of only soil and small rocks. Roughly 30,000 £t3 of
soil is required for each module. This will require that the
device can move the soil from 260 £t on either side of the module
to on top of the module. The device should be able to cover one
module in one lunar "day" which is roughly 14 earth days.

To minimize tfansportation costs, this device should be as
small and lightweight as possible. Material costs and building
costs are minimal in comparison to transportation costs.
Extremely high reliability is also required since this device is

to be unmanned.



INTRODUCTION

NASA has plans to build a base on the moon in the next
decade. Such a base will be made up of cylindrical modules.
These module must be protected\from the harsh lunar environment.
Since the moon has no atmosphere, the surface is subject to both
extremely high temperatures ( 270 ¥ ) in direct sunlight and
extremely cold temperatures ( ~270 F ) in the shade as well as
intense radiation. Additionally, micro—meteoriﬁe stormsbhave a
sandblasting effect; One way to protect the modules is to cover
them with regolith.

This project consists of the design of a device that can
cover the modules with regolith thus protecting them. Numerous
studies were done to add in the design of éhe device. These
studies included work on lunar trajectory analysis, impact
mechanics, lunar terrain, and regolith properties. EXperiments
were conducted on design ideas and impact forces.

To adequately cover a module, regolith must be gathered from
the surrounding lunar surface and thrown on top of the module.
Thus the device must both collect regolith and throw it5
Additionally, only fine regolith and small rocks can be thrown so
the device must also sort the collected material. The system
should be autonomous to allow for unmanned deployment of the
modules.

The proposed design is a treaded vehicle with both a
collection system and a throwing system. It is designed to cover
a module in 12 earth days. The total weight of the device is

roughly 1,500 pounds. The mechanism measures 10 feet long by 6

feet wide.



1.0 VEHICLE

1.1 Terrain Summary:

The lunar terrain is strewn with craters and rocks of
various sizes, posing a substantial problem to any vehicle
design. Choosing a lunar base site that is flat and clear as
possible will simplify all designs of base vehicles greatly.
Possible base sites center on Apollo landings, since'we already
know the general geographic and geographical information there.
The general information on these sites was taken from those
Apollo mission reports, specifically 11, 12 and 15.

The optimum mission site for our vehicle will be most likely
in a sea or "mare." Here the regolith, or lunar soil, is the
oldest and deepest. Median regolith thickness ranges from 1 to
10 meters with 90%Z of the particles being less than 1 mm
thickness. Crater and boulder sizes ranged from the very small,
on the order of centimeters, to as large as 5 to 10 meters.
Therefore we must design a vehicle capable of traversing these
obstacles while maintaining the steadiest ride possible for
optimum operation of the forward tilling device.

1.2 Vehicle Concept:

The overall design of our vehicle evolved from a wide
variety of concepts. The major conflict was between wheels and
tracks, or a track-layer vehicle. The lunar rover used metal
mesh wheels with chevrons for traction. The slip experienced
with this setup was in the neighborhood of 20%. Other design
ideas involved using wheels including a rope and pulley-guided
vehicle. The control scheme was simple but the system lacked

flexibility in movement and was not practical. The design needed



to be able to move on to the next job when finished with its
first. Therefore it must be able to traverse the rugged lunar
terrain, easily and relatively quickly. Legged walkers, such as
the one done as a previous project, was not practical because of
it's lack of smooth motion. Placing some kind of tiller and pump
system under a walker would be difficult, seeing as the tiller
would need to be in the soil continuously. A track-laying
vehicle solved the problems of traction, mobility and simplicity
better than all the other configurations.

1.3 Vehicle Suspension:

The suspension for our tracked vehicle needed to be simple,
lightweight, strong and reliable. To maintain high reliability
the simplest system was chosen. This would be the torsion bar
system shown in Figure 2 . The torsion bar is lightweight and
relatively inexpensive. The wheel load is made to apply a torque
to a circular section aluminum bar whose twist in response
provides the required compliance. Torsion bars, when made of
proper materials, provide excellent strength and durability
compared to the other systems, while being more reliable. Other
systems included a bogey, coil springs, a three point system and
the hydrogas shock absorber. The hydrogas system is not only
bulky and heavy but also needs its own air supply which adds to
the wvehicle weight. This system requires too much maintenance,
which will not be possible in our mission profile. Because the
stress that can be employed in coil springs is reduced 25% of
that for the torsion bar, it will be considerably heavier for a
given resilience. Bogey systems work well at low speeds, but are
considerably heavier than torsions bars while working only just

as well.



A three-point suspension was also a possibility that showed
simplicity and good performance. Problems came up in the actual
design though, since it needs to be connected from the front
( center ) to the back of the vehicle. Our bin and pump command
the space in the middle of the vehicle. Any linkage combination
would need to be below the bin or through it. Below the bin
would lower the hull clearance considerably and would complicate
the overall design. Trying to go through the bin would not be.
practical, and the linkage design could never be as reliable as
the simple torsion bars. Our forward disk assembly should help
reduce the risk of running over large blocks.

1.4 Drive Train:

The components for the drive train were chosen to be simple
and compact. The motor requirements for level ground travel were
calculated to be a modest 2.8 hp. On an incline of 30 degrees
the maximum motor power required was 3.76 hp ( see Appendix 1 ).
The motor type to be used will be an electrically powered torque
motor of similar type to that used for the impeller. From the
motor output the power will be transmitted to the centrifugal
clutch. Figure 3 shows a friction clutch. A centrifugal clutch
is simply an automated friction clutch using springs to restrain
centrifugal motion. Such a system is reliable aﬁd transmits
nearly 100% of the input power. The next component is the
epicyclic gear-changer, This type is compact and simple
maintaining high reliability. The epicyclic shown in Figure 4
features a soft gear shift, good for automatic control. This
arrangement is also able to go through hot shifts, or the
engaging of one gear ratio before before the previous one is

completed. This transfers some, but not all, engine power




throughout the duration of the shifts, saving power. To provide
ideal operating conditions the gear systems will be hermetically
sealed. This will provide a viable atmosphere for proper
lubrication conditions.

1.5 Dimensions:

The dimensions of the vehicle play an important, if not an
obvious, part in its performance characteristics. For tracked
vehicles the length to width ratio L/C needs to be be kept within
a certain range for acceptable steering. The range,

1.5 < L/C £ 1.8, helps to deterﬁine one parameter when the other
is set. In our case a width of at least 6 feet was determined,
which yields a minimum length of 9 feet. The final length was
determined to be 10 feet, after iterations to determine aﬁ
acceptable hﬁll clearance ( see Appendix 1 ). This long length
also assures a stable ride over small craters of a few feet or
less in width. The dimensions of the torsiomn bar suspensipn were
chosen on the basis of materials and performance needs. A bar
diameter of 2 inches was determined from the material strength
for aluminum. Wheel size and design were chosen mainly on the
basis of weight. Road wheel diameters of 18 inches and thickness
of a quarter of an inch were determined on the basis of hull
clearance and weight. The larger the wheel diameter, the higher
the hull clearance.

1.6 Vehicle Performance:

Performance characteristics had to be evaluated analytically
due to a lack of any testing. The important aspects of lunar
travel are traction and obstacle avoidance. The accepted median
value for a regoiith friction coefficient is 0.649. Usin; this

value it was found that to climb over any obstacle that obstacle
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had to have a friction coefficient of at least 0.3245. ( see
Appendix 1 ). Otherwise the vehicle ﬁill simply slip on it.
Depending on the amount of slip, a traction force can be
calculated ( see Appendix 1 ) and a plot generated ( see

Fig. 5 ). A maximum slope angle was not determined from this
traction data. Such numbers can only be determined by tests on
active use. Past NASA missions have suggested angles of 25
degrees ~ 30 degrees possible with the lunar rover. The
maximum_height of an obstacle our vehicle can overcome is derived
in the Appendix 1. Using numerous iterations an acceptable set
of dimensions was determined and the maximum step height was
found to be about 4,24 feet, or about 1.3_meters. To help
prevent slip on these obstacles a minimum vehicle angle ( beta )
is kept low. At angles of beta greater than 45 degrees the slip
on the obstacle will overcome that at the ground, obviously
impeding the vehicle's travel. POwer requirements increased, as
can be expected, with ground slope angle. The maximum power at
the maximum slope was found to be around 1.7 hp. This was worked
backward through the drive train to come up with the maximum
motor power needed, previously given as 3.76 hp ( see Figure 6 ).
1.7 Materials:

The selection of materials for the vehicle was made by the
criteria of the extreme temperatures, metal strengths and weight.
For the suspension a material was needed that was ductile but not
too weak to sustain the torque applied by the wheel load.
Aluminum, with its excellent strength to weight ratio, works well
and is relatively light. It can withstand a torsional angle of
19.3 degrees which is acceptable for our purposes. Titanium,

while having an even better strength to weight ratio, is too
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heavy and stiff for this applicatién. Since aluminum has such
excellent qualities ;t will also be used for the wheels, the hull
and bin., The drive train poses a tough problem in terms of the
weight constraint. Because of the wear involved and the dusty
conditions much of the drive train will be nickel-plated aluminum
and/or steel. This will increase the weight considerably but
will protect against wear and any metal property changes due to
heat accumulation. This will also reduce the size requirements
of the total drive train. Lubrication appropriate for the
conditions, such as Krytox 143A2 o0il, will also be employed to

prevent wear.

2.0 POWER SOURCE

2.1 Description:

The power source will be hydrogen-oxygen fuel cells. TFuel
cells were chosen over batteries because they have higher energy
density when power is needed over an extended period of time.
Fuel cells can also be "refilled” be resupplying the fuel and
oxidant sources.

The hydrogen-oxygen fuel cell is not the only fuel cell
available. Chlorine-~Magnesium, Chlorme-Zinc, Nickel-Cadmium and
others were considered to be the most efficient and reliable at
this stage of technology.

2.2 Design:.

As shown in Figure 7, solid-state hydrogen-oxygen cell
consists of a negative electrode ( ne ) and a positive electrode
( pe ) placed directly on each side of a solid electrolyt;. The

electrodes are 3-phase and are porous to gas. They contain both
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solid-state protonic conductors ( SSPC ) and catalyzing material.
With an acid electrolytic ( as in Fig. 8 ) the two electrode

reactors may be expressed in a simplified way as:

ne: Hjp 2 Had 2H* + 2e~ (1)
pe: 1/2 09 + 2H%* + 2e~ H90 2)
Hg + 1/2 04 HqO C (3)

At the ( ne ) or fuel electrode, one hydrogen moleéule is
absorbed and dissociated into electrons ( e~ ) that enter the
electrode and hydrogen ions ( H* ) that enter the electrolyte.

At the ( pe ), which may be either a pure oxygen or an air
electrode, oxygen molecules supplied at the electrode surface
acquire electrons to form oxygen ions, which react with hydrogen
ions to form the electrolyte. This completes the process of
forming water, and the associated terminal cell voltage ( Ve ) as
a function of the electric current ( I ) through the outer
circuit.

This hydrogen-oxygen fuel is being used on the space shuttle
and was used as a design guide because it is the most recent.
model which has been tested. The energy density of the fuel is
0.15 KW/Kg and the ARMS fuel cells will have a mass of 24 Kg.
With a fuel efficiency of 1.2 KWh/Kg of fuel, 1,200 Kg of fuel

are required for 12 days of operation.
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3.0 EUMP

3.1 Description:

The shall be displaced from the bin onto the module by an .
"impeller pump". The pump shall work in a manner similar to a
centrifugal f£luid pump. The impeller will impart a maximum
velocity of 5.015 m/s to the regolith which will then travel at
an angle of 70 degrees through the directional chute of the
casing ( see Appendix 3 ).

The impeller and casing are designed to provide maximum
efficiency on the basis of weight, reliability, and energy
consumption.

The pump will operate intermittently due to the high flow
rate of regolith produced by impeller speeds 4.635 m/s to
5.015 m/s and the low vehicle speed. The pump will be driven by
a variable speed motor which will be attached to the impeller by
the threaded socket. The socket will be 1/2 inch - 13 UNF.

3.2 Materials Selection:

The selection of materials for the pump is critical to the
performance of the device, and, therefore, extra attention has
been awarded to this process.

The pump casing or housing must be able to endure the
continuous wear due to friction between the inside of the housing
and the regolith. The inside of the housing shall be hard faced
with a layer of tungsten carbide approximately 1.5 mm thick to
provide maximum resistance of abrasion here. The inside of the
casing will be hard faced to produce an extremely smooth and hard
surface to resist wear due to the regolith. The casing itself

and the impeller shall be titanium which is suitable for the
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harsh lunar environment. Titanium has excellent strength
properties and can withstand the extremes of the lunar
temperature range.

3.3 Lubrication and Bearings:

The regolith pump wi{l utilize single row, deep groove
antifriction bearings. The bearings will be lubricated by ion-
plating a layer of lead film of approximately 0.2 micrometers on
the bearings. The bearings can thus be protected from the cold
welding effects and can warrant a lifetime of approximately 108
revolutions which results in about 86.9 days of service. Extra
care should be taken to protect the lead from oxidation during
on~-ground testing and adjustments. Aside from this, the lead is
an excellent source of bearing lubrication.

3.4 VWeight, Mass, Inertia:

The total weight of the pump on earth is 30.75 Kg. 1Its
moment of inertia about its axis is 0.1859 Kg—m2 .

3.5 Power Requirements:

To overcome the effects of inertia, approximately 14.28 N-m
of torque will be needed to turn the impeller.
3.6 Féilure:

The design of the pump lends itself to three failure modes.
These include failure due to wear, overheating, and computer
failure.

Extended use of the pump will in no doubt result in failure
due to wear. After approximately 86.8 days of operation, bearing
wear will be excessive and will most likely be the first incident
of failure due to wear.

Overheating will be most prevalent when operating in warm to

hot temperatures. Therefore, the vehicle will operate in
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moderately cold temperatures to suppress this mode of failure.
The pump will also be painted with fuller white silicone paint to
dissipate heat.

Failure due to computer is also possible due to the harsh
environments of the lunar surface.
In any event, all parts of the design will be ‘easily

replaceable if failure occurs.

4.0 IMPELLER MOTOR

4.1 Description:

The motor to drive the impeller will be Sterracin
Corporation model R9223-01 D.C. brushless torque motor ( see
casing Figure 9 ). The advantage of the brushless motor is the
increased life expectancy by elimination of sliding brush
contacts. Also, the brushless motor is capable of operating at
higher speeds, and it has greater cooling efficiency since the

wound member is mounted to a heat sink. Parameters given below:

Peak Torque: 20.4 N-m
Motor Constant: 2.42
Peak Powver: 180 Watts

Temperature Rise: 2 C/VWatts

No-Load Speed: 413 rad/s
Peak Current: 22.7 Amps
Voltage: 13 Volts

This motor was chosen because it is the most efficient motor
to meet the torque and power requirements of the impeller. In
addition, this motor has a frame framework already built in which

makes it ideal for attachment to the impeller casing. Four beta-
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titanium rivets will be used to secure the motor to the casing (
see Casing Calc. 1 for computation of force on rivets in Appendix
4 ).

4.2 Control:

The motor speed is variable and will be controlled by means
of a variable resistor within the motor ( see Figure 10 ). By
changing the resistance, the motor speed will change accordingly.
4.3 Failure:

The only way the motof could fail is by requiring more
torque than it is capable of producing. This should not happen
since the maximum torque requirement necessary for the impeller
is 17.43 N-m. The motor is capable of easily producing the

maximum torgque needed to drive the impeller.

5.1 Description:

The bin was designed to allow a funneling of the regolith
towards the pump inlet in the rear. A 1lip in the front of the
bin was added in an attempt to catch any thrown lunar soil which
would otherwise be discarded under the vehicle. The height and
width of the design were important so that regolith thrown from
various distances would be collected. As such, the bin will be
made to allow for regolith thrown as high as 55 degrees from 4
feet away or 71 degrees from a 2 foot distance. 1Ideally, the
soil should be tossed at an angle greater than 54 degrees from
close range to assure that it is properly obtained. Our optimum
design has a height of 6.8 feet and a width of 6 feet ( se;

Figure 11 ).
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Bin designs were evaluated considering the following
criteria:

1. Size: Must be large enough to catch regolith from

a variety of angles and distances

2., Funneling: Must be capable of funneling regolith

towards the pump opening.

3. Mounting: Must be able to mount to the existing frame

design easily.

4, Weight: Having met the above criterié, the bin nmust

be relatively 1light.

Thicknesses of the bin were selected on the basis of
structural importance. The critical areas include the mounting
plates on both sides of the bin, the pump mounting plate at the
rear of the bin, and the bottom pan of the bin. Therefore, these
areas will be made of 1/2 inch thick aluminum. All other non-
critical areas of the bin shall be 1/16 inch thick aluminum.

5.2 Material:

The selection of material for the bin was important for
strength and weight considerations. As such, titanium and
aluminum were the two materials ideally suited for this design.
Aluminum, with its high strength to weight ratio, was chosen on
account of it being 1.7 times lighter than titanium. The weight
of the bin will be equal to 293 pounds. Thus, while mot losing
many of the benefits of titanium's strength, aluminum would save
an average of $4.3 million at $22,000 per pound shipping weight.
The bin's weight will also be advantageous in balancing the fuel

cell weight in the rear of the ARMS vehicle.
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6.0 SCHEME OF OPERATION

To adequately cover the module, a minimum of 30,000 £t3
( see Appendix 6 ) of regolith is required. To allow for
imperfect covering, a value of 40,000 ft3 was chosen. The
collection system is designed to dig 6 inches into the soil.
This means that 80,000 ft2 of the surface must be covered. The
pattern chosen covers roughly 100,000 ft2 to allow for obstacles
and imperfect collection.

In order to simplify the controls and minimize the total
distance traveled, a symmetrical path around the module was
chosen. As shown in Figure 12, the path consists of straight
lines connected by 45 degree turns. This pattern allows the
device tb operate in straight lines and make even turns.

The device will be controlled by an onboard computer with
sensors that can determine the location of the module and
obstacles in its path. The device will start out 260 feet away
from and parallel to the module. It will then proceed to make 40
concentric laps around the module with each lap inside the
previous one. This will bring the device to within 20 feet of
the module and shoﬁld cover the module. 1If it encounters
obstacles, it will stop collection, go around the obstacle, and
then resume the path and collection.

This pattern represents a simple solution for relatively
ideal conditions. For an actual situation, a more complicated
pattern would most likely be necessary to account for other

modules and landscape features.
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7.0 REGOLITH COLLECTION

In order not to damage either the module or the pump, the
device must only throw particles of regolith no bigger than
1/2 inch in diameter ( see Appendix 6 for calculations . Thus
any collection system must both sort and collect regolith. This
is accomplished by using a series of vertical disks fitted with
fins ( see Figure 13 ). When the disks are turned at appropriate
angular velocities ( 200 - 600 rpm ), the f£ins will throw the
fine regolith while rocks will spin off the fins ( see Appendix 6
for experimental results ).

An arrangement of ten disks, with each disk 18 inches in
diameter, was chosen to cover a width of 6 feet ( see
Figure 14 ).
The assembly consists of two shafts, each with five disks, angled
at 30 degrees from the direction of the vehicle. These shafts
will be connected to a center shaft by means of bevel gearing. A
motor on the center shaft will power both shafts. Each disk will
be fitted with four fins that are 1/2 inch in width ( see
Figure 13 ). The shafts will be supported by two bearings on
each shaft. |

To achieve an adequate volumetric flow rate, an angular
velocity of 500 rpm was chosen. Assuming that the disks will dig
in 6 inches, this gives a flow rate of 0.17 ft3/sec which allows
the vehicle to move at 0.06 ft/sec while collecting. The
required torque on the shafts is 150 ft-1bs. To supply this a
1.5 hp ( or 1.12 KW ) dc motor was chosen. The motor is

oversized to account for frictional losses.
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The shafts and disks will be made oflsteel. Both the
strength and the weight of the steel are necessary for the
digging process. This assembly will be supported by an aluminum
frame. The total weight of the assembly and frame will be 190
pounds,

The motor and gears will be covered by a sheet aluminum box.
This box will help protect the mechanisms from dust and sunlight.
The heat generated by the motor will be conducted away by the
shafts and the disks.

Detailed calculations of volume, torque, and power as well

as other design parameters are in the Appendix 6.
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CONCLUSIONS AND RECOMMENDATIONS

This report proposes a device that will both gather the
regolith and cover a module with it. The device described
fulfills the objectives of the problem statement. We feel that
this is a workable design that should be pursued further. A
control system could be developed and design modifications could
be made. The design makes use of existing technology and could
be adapted for other purposes.

After the preliminary design, we have recognized different
systems that merit consideration. These include: control systems
that use a satellite data link; bury the module instead of
covering it; use the device to perform other functions such as

transportation, terrain exploration, and utility operations.
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HEETS 5 SQUARE
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§

42.38) 50
42.382 100
42.389 200

NATIONAL ™ usA
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/;V(ﬁ MOtor Crerts On  CasSng ] o

F= gz = (y,zﬂz/@)( %‘5 o) = 3,599 w

L/ riveds H[m//"'ﬂﬁ g to v -

- 13.5§9/

[gv(r O 1 vivet L/

= 3.397A

g = % /' A = (J’t—/Cém‘S}' d / [&S‘{.‘wﬁj ’(p(/gw, atf rh u@qy

Beta Titontaon vivers  C, 2 196000 L 0,483 ks (i) ?

et

jo? /6 (0. 0251.)"

= 202, 1wy

:fj—%z
rel

£ 3,397V
201 mla = J = A (ﬂ. p0s17m J(F)

t> 3.25] x ¢,

’

o Thickness  of  cesing  must fe greatee  ¢tsm

"3'25'/(/0'%», fo  wifhsStawd e wel'sht o f  rle

mop Fov,

Meke Cosing (hickerss Lt e be  Sofe ard

allow Lor weer due  fy Lo tvnr Lo e regolith .
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\/Olu\,’g encloged }‘)7 Ccasing ¢

i

v T (13 en)? (1008 em) + 514000 b 25 500 )10,000m )10 1)

vasfé/e \/O/ume O'p\ C“/xf\j f
Ve w (1243 )2 (1206 + 2 ([S00cm + 26 500m) (12:000m) (12, /b

v §930. 20 ¢’

Vo lume of (asing cticchment fo  bin'
V= ’/‘(L/'aogm)’;‘(z.wf”) FoA(5000)(2.00cm)( 7. 62¢m)
+ (200w )( 2.50c~)( 762 em)

Vo= Ay §3 en’

VO/VWﬁ 01[ Mﬂ"‘”"/f*/ Veia;fezf Ferr f&xf/':ﬂj:

Vo G430 20 ¢ = L1D4.LO ¢ ¢ N3 ca3

v = 2?5?,43 cmg

Betw 7rtonivm 15 choSen ns (e marerial,

TOIL?‘\/ ;maS‘S ()}f c&s;’/}j‘ N

m= V= (L5059, )(2969. 43 cnd) = 13302, 78 4

Totel mess of C&S'f'ﬂj//'wloﬁ//z"r/ ond g tor
m= 13,3723 k5 ¥ 5,053 kgt £.321
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redsafed o way.

A wm’«frm/ WL /\,’74 ewlss,’u/y‘y YA /(0w aé:ay/m/;:/my

/_S Vfﬁﬂ/wf_;/ #D

Us e f/u//fr White S/]/cone /Qa/m-’?’ 4
aéfar/oﬁw‘}’? A= 0, ;5
Emjttence | £ = 0, 90
A O, 25 _

toat vhe CaS/'Mj ond  potor (o radiate  heat,
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Cesins  Cole. Y (a) OF POOR QUALITY

Bolis peedeA fo  aifech lwpellrr Coasirg fo bini
75 .
6"(6 exerted 57 &{/Mj T ma = /30'745@)( e éﬂ)
F = 5025 v
T Ficburss ofb b pond /@/m‘»c CHEECh ment (g;/mj:

/O.SM)(Q. S5 cm) 4 J0dem = 3.270m

@w,’lo 0( L,a/{— = 3. Q?Cw\' F onut ¢t ClnrSS
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S i Metoe (ol e T foini et im L,)/{;
ﬂ{/&lmc’ff": dSCM
Prreh = 0 & 3
7z’m§;/e Steess Avea = O, 142 ¢
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Yiold Steemcti = b5.4S7 M Ps
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L 7 I Ed
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C&Sr'mﬁ [0/6" L/ [éj

nvarranac | vamusa

Cn £ S
force on bolts = A Ser T _—ﬁ Se VL/)

F= fome on bolts = 50 218 A
n = Sﬁ‘fff"& Vpﬁffor = 340

// = Num bl Dﬁ bo /i‘_S - ,-7

0. aul )(3,0)(50. 218
(0. a1 )(3.0)( 50, 218) MH)

Fj - Q,L/wa’f,,,ﬂ?)(S"/JWWZJ» 5 27,130

{:’;: 1206. 1o - 'Z'Q;I—/im

" = //h S, 'f(/ _ /(/.L/.zxxa's)(w. Y57 mla) - [,/
CF (0. 2141 )(50. 215)
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fr 053 byt Fo= ), )93 ko
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we/J/wj of p/m‘c'; to bottom of bin

Use edge  weld - Best  for  sheet wmetal = biy, pateriaf

Stiess jn weld = ;E(T , F= e on weld  (dlue ty wei b m’m:wﬁj
A= weld #Hoeoert
L= Jength of eld
A= 0.02m
Fz 50,28V
h o must be Lowrd
peed Mo Strewsth for weld:

Us e AWS ENQOD  electrole | yield Stiength = 123, 6§75 m &

S\(Vf‘fsf ln weld Sk‘)u/&{ ot fdr’((f"—mlﬂ( 7/&/5/ S;/:(‘Mg:/’[\f

he - - 0. 2158
Lo (0. 02)( 120, 875 mMPa)

h2 O 02043 mm

7 hepat of welyf Sﬁoou/,gl be O, 3 mm ér ,L/'ﬁ(ga(

Stress  Caused 67 wWhrat? gm

fgrcc Heot weld con sustain

Fo koo = (0.0003m)0:02m)(122,§95 m72)
F= 739,25 kA
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To test The soil collection disks fer
the  Automated Regolith — movement System o
prefotype weas ballt. This proforype was mede
from O/d‘ 7% 'n. circolor saw bladeS fiHed
with fins Yo threw the soil, The blades were
then belfed to o Yo in, threaced rod shafr
which hod one end turngd down ¥o £+ inte
a  standpfd  3/z 'n, drill chacK,  This setup
created a versotile  test de vice Hhat could be
powered by an ocdinary hond JIriil.

The testing cons/sted of a series of
qualitative tests while Varying +he operlating
conditions, The fests Jook place in o samly aree
10 simulate the lunar regolith. the blade
spmcl!qﬁ (d), 0//79/5 et attack (pC)) £i'n
angle (&) ) and amgwl’cw ve loc'ty (w) of
the disics  were varled. The  approtimare
o;ﬂgz’@ thed the sand wes +hrown at as wellos
the  sorting o‘gbff/{fiy of +he disks wos
recorded, Various sleed rocks were placed

in +he sond  during testing,

o< ‘/]:O\&EGT!@N OF motioy
%, BLAOFS
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The desifed (esalt of operation was fo
have  the sond  theown up with o
trajectory of 609 while the rocks were
no+ +hrewn, By varying the speed of rofution, #is
could be obtained. At very low speed s,
the sanid did not gailn enough wontentum
to be thrgwn, A+ slightly higher speeds,
the sond would be thrown almest vertically,
M speeds of roughly zo0- 600 rpm |, the
desifed €Fffect vas achieved, Whan the
blades @ncountered rocks , the recks would
be thiown stioight back with a teyectory
of less +than 5°,
To test diffetent fi'n angles, the fins
&n” one blade weve oftached of an angle
ot 209 This Ff'n angle did not 9/'9z4/‘14’c&/f77‘"i1/
alter the trajectory of +he sarnd,  However,
+his blade tended to throw small pocks up,
thus deteoting he  putpsse of the bldes.
the blades worfed well af on angle
of qttack \/m”yff;f; from 0° o 459. At
angles ogleater than 45°, the softing aéz}’)’fy
of the blades yﬂf&??&f}}’ dirinished allew:ng

for smoll (ocks 40 be thrown,
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The s$pacing of the blades 4id not aller
the performance of the blades, with the
blades spaced at either 17, 2V or 37
apart ; tach blade acted ‘ndependentry of
Yhe eother. Rocks did net g0t i@o[g;é’d n
between the bladeS but the q;géwéﬁy
tended to  wolk ever rocks large enovngh
o get stuck,

This expelirtent verified +he throwing
and  seorting ab/(//'%y of a faned dsk,
k mofe in Cepth experiment using mere
disks and maltiple shafts could be
undertalipn +o determine tolque requitements
and test  mechanisr desligns,




ORIGINAL PAGE I8 @
Disk  DrsigN OF PUOR QUALITY

Miss o e Mo B>
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o0 g
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(Rev | 1Dk | [ Fl 2=/
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40 ReY S
mlg)  KPm
488 | 100 CHoosz KPm oF zoo, FiN wiiLL
:CZ‘\?YS égg HNor DisPipce 78 Max, Yor, AT
e 250 ALL Timeg,
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MAss  OF Disk- ASSEMBLY
SHAET DA, & ,O/s/< THicenEss  TAKEN FRom DSk HARROW WIiTH -
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PROGRESS REPORT GROUP3 OCTOBER 1, 1987 The project was given a title: Au-
tomated Regolithe Movement System. Initial requirements of the design were evaluated and a
problem statement was formulated. Group members are currently researching other

projects and formulating preliminary designs.
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Progress Report

Week 2

p. The group formulated a problem statement and decided on a system to
cover the modules. Each individual is currently researching the different re-

quirements of the design.

1. Kates, Andy Wrote final problem statement. In the process of contacting

sources at The University of Houston to find out more about the modules.

2. Shaw, Chris- Researched patents on augers and snowblowers for design ideas.

Worked on blower design.

3. Stevens, Anthony- Researched patents on augers and snowblowers. Worked

on blower design.

4. Hagler, Ben- Worked on blower design. In the process of learning Apollo

solid modeling system.

5. McWhorter, Valerie- Worked on blower design. Made graphics of module.
Investigating computer graphics systems.

Progress Report 1
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6. Dimarco, Mike- Researched lunar surface conditions.

7. Porter, Tim- Did lunar trajectory calculations. Wrote program to calculate

velocity to range relationships.

8. Crawford, Paul- Worked on lunar trajectory calculations.

Progress Report 2



Progress Report

Week 3 October 15, 1987

Automated Regolith Movement System

p. The project was broken down into two main parts: Blower Design and

Vehicl e design. Time constraints for the operation were set.

1. Kates, Andy Spoke with Jeff Brown of the University of Houston to find out
more about the modules. This information led to finalization of time con-

straints of the project.

2. Shaw, Chris- Worked on drawings of preliminary blower design. Worked on

impact force calculations for projected regolith.

3. Stevens, Anthony- Continued research on patents. Learning the Apollo solid

modeling system.

4. Hagler, Ben- Worked on blower design. In the process of learning Apollo

solid modeling system. Researched power systems.

Progress Report 1



127

5. McWhorter, Valerie- Made graphic of trajectory calculations. Investigating

lunar vehicle designs.

6. Dimarco, Mike- Researched lunar surface conditions. Investigating vehicle

designs.

7. Pdrter, Tim- Made graphic of luhar trajectory calculations. Investigated ve-

hicle designs.

8. Crawford, Paul- Investigating power systems.

Progress Report 2



Progress Report
Week 4 October 22, 1987

Automated Regolith Movement System

The project was broken down into two main parts: Blower Design and
Vehicl e design. The design was broken down further with the blower operation
seperated into a pickup system and a throwing system, and the vehicle seperated

into a power system and a support system.

1. Kates, Andy- Worked on pickup system designs. Investigating power sys-

tems.

2. Shaw, Chris- Contacting NASA officials in Huntsville to learn about impact

resistance of the modules. Investigating throwing system designs.

3. Stevens, Anthony- Investigating pickup systems for the device. Made some

conceptual designs of the whole system and drew them on Autocad.

4. Hagler, Ben- Discussed blower system with a solid handling pump expert.

Drew up some prototype configurations.

Progress Report 1

30
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5. McWhorter, Valerie- Worked on vehicle design including research on treaded

vehicles. Made conceptual drawings of system.

6. Dimarco, Mike- Researching lunar surface conditions. Investigating vehicle
designs. Researching landscape configurations with respect to vehicle

requirments. Working on treaded vehicle design.
7. Porter, Tim- Worked on vehicle design.

8. Crawford, Paul- Discussed pickup systems with respect to soil mechanics with

an agricultural engineer.

Progress Report 2



Progress Report

Week 5 October 29, 1987

Automated Regolith Movement System

Numerical evaluations with regards to power and efficiency for each com-
ponent of the design were performed. New schemes of regolith collection were

investigated.

1. Kates, Andy- Investigated different patterns for the device to follow to gather
the required amounts of regolith. Initiated searches for information on lunar

soil mechanics and power systems.
2. Shaw, Chris- Made calculations on impellor size, power, and efficiency.

3. Stevens, Anthony- Worked on the design of a disk collection system. Re-

searching apropriate materials for the device.

4. Hagler, Ben- Calculated an approximate impact resistance for the module
after discussing such calculations with Dr. McDowell. Worked on the disk

collection device.

Progress Report 1

(32
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5. McWhorter, Valerie- Worked on vehicle design including research on treaded

vehicles.

6. Dimarco, Mike- Made calculations on power requirements and capabilities

of a treaded vehicle.
7. Porter, Tim- Worked on drawings of module area. Worked on vehicle design.

8. Crawford, Paul- Worked on the design of a disk collection device.

Progress Report 2



Progress Report

November 5

Week p October-29, 1987

Automated Regolith Movement System

Progress of each phase of the design was evaluated and a presentation of the

project was put together.

1. Kates, Andy- Worked on pickup system designs. Investigating power sys-

tems.

2. Shaw, Chris- Contacting NASA officials in Huntsville to learn about impact

resistance of the modules. Investigating throwing system designs.

3. Stevens, Anthony- Investigating pickup systems for the device. Made some

conceptual designs of the whole system and drew them on Autocad.

4. Hagler, Ben- Discussed blower system with a solid handling pump expert.

Drew up some prototype configurations.

5. McWhorter, Valerie- Worked on vehicle design including research on treaded

vehicles. Made conceptual drawings of system.

Progress Report {
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6. Dimarco, Mike- Outlined design requirements of each component of the ve-

hicle and listed possible configurations for each.
7. Porter, Tim- Worked on drawings of module area. Worked on vehicle design.

8. Crawford, Paul- Designed and drew a tiller mechanism for the device.

Progress Report 2
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Progress Report

Week 7 November 12, 1987

Automated Regolith Movement System

The overall configuration of the device is being finalized. Component de-

signs are being drawn up and tested.

1. Kates, Andy- Discussed modeling the disk collection system with Butch Cabe
and obtained materials to model the disks with. Worked on disk conﬁgura-

tion.
2. Shaw, Chris- Investigating heat transfer and dissipation for the device.

3. Stevens, Anthony- Researching material selection for the various components

of the device. Finishing the thrower design.
4. Hagler, Ben- Worked on power system design.

5. McWhorter, Valerie- Working on vehicle design including the bin to hold the
regolith.

Progress Report 1



6. Dimarco, Mike- Working on final design of the vehicle and investigating

flexible materials to be used as tracks.

7. Porter, Tim- Worked on vehicle design.

8. Crawford, Paul- Worked on the design of a disk collection device including

torque requirements.

Progress Report 2
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Progress Report

Week 8 November 19, 1987

Automated Regolith Movement System

The overall configuration of the device is being finalized. Component de-

signs are being drawn up and tested.
1. Kates, Andy- Built a prototype of soil collection disks and began testing.

2. Shaw, Chris- Researched heat transfer and thermal aspects of the design.

Worked on spreadsheet of thrower parameters.

3. Stevens, Anthony- Working on final thrower design. Worked on spreadsheet

of punip parameters.
4. Hagler, Ben- Worked on power system design and configurations.

5. McWhorter, Valerie- Working on vehicle design including the bin to hold the

regolith.

‘Progress Report 1
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6. Dimarco, Mike- Working on final design of the vehicle and investigating

flexible materials to be used as tracks.
7. Porter, Tim- Worked on bin design.

8. Crawford, Paul- Worked on the design of a disk collection device including

torque requirements.

Progress Report 2

(7
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Record of Invention No.
UTC No. (if applicable)

GEORGIA INSTITUTE OF TECHNOLOGY

APPROVAL SHEET (Attach to DISCLOSURE OF INVENTION)

The following questions should be answered by the laboratory or school director,
as applicable. The questions are designed to verify the ownership of the inven-
tion. This approval should be included when the Invention Disclosure form is
submitted to the Office of Technology Transfer.

1. Title of Invention:

MTVAKTED RECOLITH /ONEARNT SSTEA  (ARAS)

2. List of Inventor(s):

PAUL ORAWIFDRD VALERIE  MS Wicremse

ANICH D/ o Tidery erer
Ben dActER CHRISTOPHER  SHAL
ANDREID KATES ANTHOUY  STBEVELNS

3. Ownership:
In my opinion this invention:
_ZS__A. Is owned by the Institute in accordance with the Patent Policy.
B. Was developed by the inventor(s) without use of Institute time,
facilities or materials, and is not related to the inventor's area

of technical responsibility to the Institute and hence belongs
to the inventor(s).

4. Research project advisor approval for student submissions (if applicable):

Advisor Date

Reviewed for Institute ownership by laboratory or school director.

Name Date

Title/Unit

9/87



Record of Invention No. \\¥]%~
UTC No. (if applicable)

GEORGIA INSTITUTE OF TECHNOLOGY
DISCLOSURE OF INVENTION

Submit this disclosure to the Office of Technology Transfer (OTT) or contact
that office for assistance. Disclosure must contain the following items: (1)
title of invention, (2) a complete statement of invention and suggested scope,
(3) results demonstrating that the concept is valid, (4) variations and alter-
nate forms of the invention, (5) a statement of the novel features of the inven-
tion and how these features distinguish your invention from the state of the art

as known to you, (6) applications of the technology, and (7) supporting informa-
tion. :

1. Title

Technical Title: AUTOMATED Hecoy mi AoveEssnT System

Layman's Title (34 characters maximum, including spaces):

SeElr-RUN  LUMAR <O THRCOWER

Inventor(s): (Correspondence, patent questions, etc. will be directed to the
first named inventor)

A. Signature vl e X 7%%2%;:; Revenue Share7 35 Date . -2-.5/
Printed Name NDREL| RICHARD KATES  citizenshipll%.
First Middle Last
Home Address 15 RBipcuH =
city MEWTOWA County FAI@EiE=1 > State (T  Zip Code C(ATTCD

Campus Unit/Mail Address_ A, TEC I PO, B 8 d ampus Phond 4OH)(TTEAEHS

. /
B. Signature&%mm—;}q % Revenue Shareli% Date /927\7 ‘57*

Printed Name B Levoie Nacuers  citizenshipll%,
First Middle Last
Home Address KoiiiE 2 T (OO

City THO/Aon County AcDUEEIE. State(OA. Zip Code XS
Campus Unit/Mail AddressCIATECHED. B BIUZST Campus Phond4lt)B25-"Si2L,

C. Signature Revenue ShareZ. 33525 Datei??”??éf??

THOWY NV ERO/AE “STEVEMNS  Citizenship (L.
First Middle Last

Home Address_ 2L KIOILEE. SIWEET

CityBBRUbi2klICK.  County CIibrpinl  State(OA Zip Code SIS

Campus Unit/Mail AddressCiaTexo i WOBr»S772¢57 Campus Phond AAVSY —72y)

Printed Name

9/87 Page 1 of 7



CE)

Record of Invention No.
UTC No. (if applicable)

DISCLOSURE OF INVENTION

2. Statement of Invention:

Give a complete description of the invention. If necessary, use additional
pages, drawings, diagrams, etc. Description may be by reference to a sepa-
rate document (copy of a report, a preprint, grant application, or the like)
attached hereto. If so, identify the document positively. The description
should include the best mode that you presently contemplate for making (the
apparatus or material invented) or for carrying out the process invented.

Keree o DESIGM REFET ATACHED HERETD,

Inventor(s) JS$4I>FﬂEﬂAJ . KIS Date A2/ Z/E5F
Bendagne L, Basere Date 42/ 2/E57
Acarrioney U STEVERS ___pate22/z/ET7

Witness* Date
Date

*The witness should be technically competent and understand the invention.

9/87 Page 2 of 7



Record of Invention No. {dk{
UTC No. (if applicable)

DISCLOSURE OF INVENTION

3. Results Demonstrating the Concept is Valid:

Cite specific results to date. Indicate whether you have completed prelimi-
nary research, laboratory model, or prototype testing.

ACRTIMNG Diacs BEREFRCENCY TEST
— TEST W KU TO TEERVNE THRE 2CRTG
CAFPARI LITIES CF THE 2CRVING TASCS, TESTS
UERE PERFORAED I IRELATIVELY LCOSE
BN TH 201l TO SV/AULLATE THE LUNAE f\ﬂ:( oo e
RESUITE, CONFRRAED THAT THE TISCS #=ERE:

ACEQUATE FOR ZORTING THE LUNMARL <O

4, Variations and Alternative Forms of the Invention:

State all of the alternate forms envisioned to be within the full scope of
the invention. List all potential applications and forms of the invention,
whether currently proven or not. (For example, chemical inventions should
consider all derivatives, analogues, etc.) Be speculative in answering this
section. Indicate what testing, if any, you have conducted on these alter-
nate forms.

THE IWNVEMTTOM /AN B USED T ACTKN
SITE. FREFRAPATIOM. AND THE TIRANSSECIRZIAT IO
= ZASTEZIALS AND FQUIRAENT O THE ACOW

Inventor(s) A?/%77Z22%2?/’ ;{ Date /2./2/S7
&94/% %@YM %/é‘( Date/1/3 /X7
4’/%%;’/) d/a )Z%W Date 12 /2/537)

Witness* Date
(printed name)

Date

(printed name)
9/87 Page 3 of 7



Record of Invention No. \Qé;
UTC No. (if applicable)

DISCLOSURE OF INVENTION

5. Novel Features:

a. Specify the novel features of your invention. How does the invention
differ from present technology?

THE 2CRTING DIisCsS REFCESENTS Y A
NEIl AETHOD F2. £O2ThWG ANTERIAL .
THEL DI=CS ARE:. A VERN SIAPLE  IUAN COF
DORT UG ANTIATIAL L

b. What deficiencies or limitations in the present technology does your
invention overcome?

THE DISC2 OVERCOMNE THE WEED R
REAVY /ALCHINERY O <0t ASTER AL

c. Have you or an associate searched the scientific literature with
respect to this invention? Yes X No . Have you done a patent
search? Yes_ X No . If yes in either case, or both, indicate
what pertinent information you found and enclose copies if available.
Also indicate any other art you are aware of (whatever the source of
your information) that is pertinent to your invention. Enclose copies
of descriptions if available. (Note: An inventor is under duty by law
to disclose to the U.S. Patent and Trademark Office any prior art known
to him or her.)

INFORASTION  [AAS  SEACHED O THE
VEHICLE DRIVE S9ESTIA AND THE
PTG ~ZTECHANIS7]. RO THIT
\ENWC LB ORIVE S7=STEA, N/AORED
VENICLE D= iaN WEGE [CESTEACHED
AND SOUID AOMDUIINE FUAPE 1T00Ie
TH=. PUAPIIG DN/,

Inventor(s) C?@bzzf%ﬁazg/‘ 1;52227%2:2 Date /2 /> /&7
Bocipr s % M Date /A //Z7

,. 4 7.\ Date 12/2/5F
L7
Witnesé 5 Date
(printed name)
Date

(printed name)
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6.

Record of Invention No.
UTC No. (if applicable)

DISCLOSURE OF INVENTION

Application of the Technology:

List all products you envision resulting from this invention. For
each, indicate whether the product could be developed in the near term

(less than 2 years) or would require long-term development (more than 2
years).

NOWE
Inventor(s) //;%5777/ LA ‘, . ~ pate [2/2/57
wﬁuﬁ. % Date /3/ A / ffl
on) pate 12/2/&7
Witness- Date
(printed name)
Date
(printed name)
9/87
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Record of Invention No.
UTC No. (if applicable)

DISCLOSURE OF INVENTION
SUPPORTING INFORMATION

1. Are there publications such as theses, reports, preprints, reprints, etc.
pertaining to the invention? Please list with publication dates. Include
manuscripts (submitted or not), news releases, feature articles and items
from internal publications. Supply copies if possible.

2. On what date was the invention first conceived?10/20£&7Is this date docu-

mented? Ne=< Where? JNEEALN, e Y=+ Tfre laboratory records
and data available? Give reference numbers and physical location, but do
not enclose.

GEoraua. TecH, de. Jua Braeeu Thi=mrauctce.
CQ;“‘: //‘:& = N TE'—;‘\ g(L’,_.'

3. Give date, place, and circumstances of any disclosure. If disclosed to spe-
cific individuals, give names and dates.

4. Was the work that led to the invention sponsored by an entity external to
Georgia Institute of Technology? Yes No

a) If yes, has sponsor been notified? Yes X No

b) Sponsor Names: GIT Project Nos.

NASA

5. What firms do you think may be interested, in the invention and why. Name
specific persons within the companies if possible.
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Record of Invention No.
UTC No. (if applicable)

DISCLOSURE OF INVENTION
-~ SUPPORTING INFORMATION

Setting aside your personal interest, what do you see as the greatest
obstacles to the adoption of your invention?

Av ErreCcTivE TEST ou THE Aloony

Alternate Technology and Competition:

a. Describe alternate technologies of which you are aware that accomplish
the purpose of the invention.

b. List the companies and their products currently on the market which make
use of these alternate technologies.

c. List any research groups currently engaged in research and development in
this area.

NASA

Future Research Plans:

a. What additional research is needed to complete development and testing of
the invention? What time frame and estimated budget is needed for the
completion of each step?

b. Is this additional research presently being undertaken? Yes__ No ¥
c. If yes, under whose sponsorship?

d. If no, should corporate sponsorship be pursued? Yes N\ No X

Suggested corporation(s)

Attach, sign and date additional sheets if necessary. Enclose sketches,
drawings, photographs and other materials that help illustrate the descrip-
tion. (Rough'artwork, flow sheets, Polaroid photographs and penciled graphs
are satisfactory as long as they tell a clear and understandable story.)
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